We have previously reported that sickle erythrocytes sedimenting at high specific density after gradient centrifugation exhibit increased IgG binding in vivo as compared with low-density paired samples. We have performed the present study to determine whether the opsonization of dense sickle cells in vivo could also involve autologous IgM, IgA, and complement. IgA, IgM, and complement binding in vivo to the surface of density-separated sickle erythrocytes was detected by flow cytometric analyses. IgM and complement C3 fragment binding was detected primarily on high-density sickle erythrocytes. With the exception outlined below, IgA binding was detected for all sickle cell fractions that sediment at densities > 1.085 g/mL. IgM, IgA, and complement C3 fragment binding was increased on high-density sickle erythrocytes as compared with lowdensity paired samples and exceeded that binding to normal erythrocytes by 30% f 10% (mean f range), 50% f 10%. and 41 % f 5%. respectively. Two-colorflowcytometry indicates that high-density sickle cell fractions contain at least two heterogeneous RBC subsets. One is an RBC showed that autologuos IgG binding is significantly increased on sickle cell subpopulations that sediment at high specific density after gradient centrifugation as compared with low-density sickle erythrocytes. Hebbel and Mille8 demonstrated that high-density sickle cells can be phagocytized by macrophages in vitro, which suggests that dense sickle cell subpopulations are opsonized in vivo. The IgG-binding pattern for density-separated sickle cells was similar to that previously determined for dense (HbA) erythrocytes.'-" High-density normal RBC subpopulations that represent < 10% of the circulating RBCs contained significantly increased surface-bound IgG as compared with low-density normal RBC fraction^.^^'^ Autologous IgG binding to high-density normal erythrocytes has been considered an indicator of RBC senescence that identifies aged RBCs for phagocytic removal from the circulation.'-'' The subsequent studies of Singer et d,I3 which used a hypertransfusion technique to produce erythrocytes aged in vivo, demonstrated a clear correlation between erythrocyte aging and the binding of autologous IgG.
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UTOLOGOUS IgG binding in vivo to sickle erythro-
A cytes has been documented by several investigations.1-8 Petz et aI,' using a sensitive complement-fixing antibody consumption test, demonstrated that direct antiglobulin test (DAT)-negative sickle erythrocytes contained significantly more IgG bound in vivo (195 to 890 molecules per RBC) than did normal erythrocytes (-25 molecules IgG per cell). Later showed that autologuos IgG binding is significantly increased on sickle cell subpopulations that sediment at high specific density after gradient centrifugation as compared with low-density sickle erythrocytes. Hebbel and Mille8 demonstrated that high-density sickle cells can be phagocytized by macrophages in vitro, which suggests that dense sickle cell subpopulations are opsonized in vivo. The IgG-binding pattern for density-separated sickle cells was similar to that previously determined for dense (HbA) erythrocytes.'-" High-density normal RBC subpopulations that represent < 10% of the circulating RBCs contained significantly increased surface-bound IgG as compared with low-density normal RBC fraction^.^^'^ Autologous IgG binding to high-density normal erythrocytes has been considered an indicator of RBC senescence that identifies aged RBCs for phagocytic removal from the circulation.'-'' The subsequent studies of Singer et d,I3 which used a hypertransfusion technique to produce erythrocytes aged in vivo, demonstrated a clear correlation between erythrocyte aging and the binding of autologous IgG.
Alderman et all0 observed that in addition to cell-bound IgG, IgM and IgA bind to 28% to 32% and 15% to 20%, respectively, of the most dense normal RBC fraction (ie, < 10% of the total RBCs) and that IgM, IgG, or IgA was not detected on low-density paired samples. In subsequent studies,I4 Freedman confirmed these observations and further demonstrated that high-density normal RBC fractions bind more complement than low-density normal erythrocytes.
The present study was performed to determine whether autologous IgA, IgM, or complement bound in vivo could subset that binds IgA in combination with IgM and C3, and the second subset is devoid of IgA yet binds IgM and C3. These findings indicate that high-density sickle cells exhibit a greater heterogeneity than has been reported in previous studies, which is based on autologous lg binding in vivo; and suggest that RBC components of this most severely dehydrated sickle cell subpopulation could have heterogeneous origin and pathophysiologic significance. Although the functional role of IgA binding to human RBCs is unclear, our findings that IgM and complement bind to the same high-density sickle cell fractions suggest that both the IgM and the sickle erythrocyte-bound IgG determined in previous studies could mediate the deposition of complement on dense sickle cells in vivo. These findings support the hypotheses that irreversibly sickled cell-enriched high-density sickle RBC subpopulations could be removed from the circulation by erythocyte phagocytosis that is enhanced by the presence of complement. 0 1993 by The American Society of Hematology.
be detected on sickle erythrocytes. This possibility was explored because (1) the studies of Ballas et all5 reported that serum from patients with sickle cell anemia contained increased quantities of IgG and IgA and variably increased levels of IgM; (2) sickle erythrocytes can be phagocytized by macrophages in vitro2; and because (3) several ~imilarities~'~ between the chronologically young dense sickle erythrocyte subpopulation and the relatively older dense normal erythrocyteg-" have been demonstrated that include the binding of autologous IgG. It is therefore possible that this analogy may involve the binding of IgM, IgA, or complement to sickle erythrocytes in vivo that could predispose these cells to phagocytic removal from the circulation. We report here that IgM, IgA, and complement C3 fragments bound in vivo to sickle erythrocytes can be detected by flow cytometric analyses and provide evidence for the existence of Igbinding dense sickle cell subsets that also bind complement in vivo.
MATERIALS AND METHODS
Homozygous sickle cell blood specimens were obtained from patients attending the adult hematology outpatient clinic at the LAC-USC Medical Center after informed consent and in accordance 986 GLORIA A. GREEN with the guidelines of the University of Southern California School of Medicine Committee on Human Subjects. Blood specimens used in this study were obtained from patients who were not in crises and had not received blood transfusions within the 3 months before this investigation. Blood was drawn into heparinized tubes.
Erythrocytes were isolated by centrifugation for 10 minutes at 2,000 rpm and then depleted of leukocytes by passage through cellulose columns as described.3 Sickle erythrocytes from six different DAT-negative homozygous (HbS) sickle hemoglobin specimens were density separated by centrifugation on a discontinuous stractan I1 gradient.' Reticulocyte-rich sickle RBCs that sedimented at low density (< 1.085 g/mL) were discarded. The remaining fractionated RBCs were washed six times in phosphate-buffered saline (PBS) containing 10 mmol/L HEPES (pH 7.4) at 25°C and then labeled as described below. The density-separated sickle RBC fractions I, 11, and Ill represent approximately 4070, 25%, and 35% of the total sickle RBCs remaining, respectively, after the least-dense reticulocyte-enriched fraction was removed.
Indirect immunofluorescence assays using flow cytometry. Washed normal adult hemoglobin (HbA) and HbS erythrocytes were subjected to mild fixation with 0.075% glutaraldehyde16 in PBS/HEPES buffer, washed in PBS, and then divided into aliquots. RBC aliquots were labeled with either biotin-conjugated antihuman IgA, IgG, or IgM or were labeled with antiserum to human complement C3, or albumin, or plasminogen as follows. Antihuman IgG binding was assayed in conjunction with these analyses to serve as a reference standard.' Nonspecific binding sites on the fixed erythrocytes were first blocked by successive incubations with 2% bovine serum albumin (BSA) in PBS containing 0.02% sodium azide (buffer A) and fourfold diluted nonimmune serum. After two washes in buffer A, the cells were incubated for 16 hours (at 4°C) with saturating concentrations of either biotin-conjugated F(ab'), fragments of antihuman IgA, IgM, or IgG (Sigma Chemical CO, St Louis, MO). After three washes with buffer A, the RBCs were labeled with streptavidin-phycoerythrin (Caltag, San Francisco, CA) for 16 hours at 4°C. For detection of complement C3 fragment binding to sickle erythrocytes, the RBCs with and without fixationk6 were blocked as described above and then incubated with antihuman C3 fractionated sera (Sigma Chemical CO) that had been preabsorbed against aliquots of the normal HbA RBCs used as controls in this study. The RBCs were then stained with phycoerythrin (PE) and analyzed by flow cytometry as described below.
For the analyses of serum protein binding, aliquots of high-density sickle RBCs and normal erythrocytes were blocked and then labeled by 16 hours (at 4°C) ofincubation with saturating concentrations of either goat antihuman serum albumin, or antihuman plasminogen (Sigma Chemical CO). After three washes with buffer A containing Tween 20 (0.001% vol/vol), the RBCs were labeled with biotin-conjugated antigoat IgG according to the instructions of the manufacturer (Sigma Chemical CO) and then labeled with streptavidin-phycoerythrin for 16 hours at 4°C. The fluorescence intensity and forward and right-angle light scatter for the labeled cells were measured as compared with appropriately labeled control cells using a FACScan flow cytometer (Becton Dickinson, Richmond, CA) as described." Two-color flow cytometric analyses ofhighdensity sickle erythrocytes were performed essentially as described. l 7 Briefly, high-density sickle RBCs were fixed (0.075% glutaraldehyde in PBS), blocked, and labeled with biotin-conjugated F(ab'), antihuman IgM or IgG or with antihuman C3, as described above. After washing in PBS, the RBCs were suspended in a 1: 1 mixture of PE-conjugated streptavidin (diluted 1 :4) and fluorescein isothiocyanate (FITC)-conjugated antihuman IgA-F(ab'), (a-chain specific) that had been diluted 150 with 1.5% BSA in buffer A. The RBC mixtures were Other procedures. The IgA, IgM, and IgG content of the sera from specimens used in this study were assayed by radial immunodiffusion. In a separate set of assays, chloroform eluates were prepared" from unfractionated sickle erythrocytes and/or normal RBCs previously washed six times in PBS containing IO mmol/L HEPES (pH 7.4, at 25°C). The sickle cell eluates were tested for antibody activity at 37°C with an indirect antiglobulin test (IAT)' against a commercial panel of normal RBCs with defined antigenic composition (Baxter/Dade Division, Florida); against high-density normal RBCs, and autologous dense sickle RBCs (with and without prior elution of surface Ig). In some studies, eluate-treated RBCs were further labeled sequentially with the polyspecific antiglobulin (used for the IAT) and PE-conjugated antirabbit IgG. The labeled RBCs were assayed by flow cytometry to determine Ig binding as compared with the appropriate controls including low-density normal RBCs.
RESULTS
Cell-bound autologous IgA and IgM and complement C3 fragments bound in vivo to sickle erythrocytes were detected by flow cytometry. The relative levels of Igs and complement binding were compared for normal (HbA) erythrocytes and density-separated sickle erythrocytes that were isolated and subjected to extensive washings in isotonic media (see Materials and Methods).
Erythrocytes labeled with biotin-conjugated F(ab),-antihuman IgM and PE (see Materials and Methods) exhibited increased fluorescence intensity as compared with control RBCs treated with nonimmune sera, indicating the presence of surface IgM. The median fluorescence intensity (Fig  1; Table 1 ) was increased for high-density sickle cell fractions as compared with low-density paired samples (fractions I and 11; Table 1 ). Comparison of the median fluorescence intensity ratios (HbS:HbA) for each density-separated sickle cell fraction (Table 1) shows that high-density sickle cells (fraction 111) had 30% to 40% more surface-bound IgM than normal RBCs. Dense sickle cell fractions also contained a significantly larger subpopulation of brightly fluorescent cells binding relatively large quantities o f surface IgM (Table I ) as compared with the low-density paired samples.
Consistent with the observations for IgM binding, cellbound IgA was increased for high-density sickle cells as compared with low-density sickle RBC fractions (Fig 1; Table 2 ). However, IgA binding detected for density-separated sickle cell fractions I to Ill ( 
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(density > 1.1 g/mL) also contained a two-fold larger RBC subpopulation than low-density paired samples ( Table 2 ) that was sensitized with greater quantities of IgA.
The results listed in Tables 1 and 2 and Fig 1 show that both IgM and IgA are present on the same high-density sickle erythrocyte fraction, because aliquots of these density-separated fractions were separately labeled with either antihuman IgM or IgA. These data ( Tables 1 and 2 ) also show that significantly larger proportions of the high-density sickle erythrocyte fractions bind greater relative quantities of IgA in vivo (= 25% t 5% [mean ? SDI) as compared with IgM (e 7% f 2%). It is important to note that the density-separated sickle erythrocytes labeled with either antihuman IgM or IgA in Fig 1 were obtained from a single patient specimen that yielded fluorescence profiles intermediate to the total (n = 6) specimens studied (Tables 1 and 2) .
Ancillary studies using both dense normal and sickle RBC fractions that had been shown previously to contain surface IglS4 (Tables 1 and 2 ) were performed to examine the antibody activity of the sickle RBC-bound Ig. In the first set of assays, dense sickle and normal RBC fractions assessed by the DAT were unreactive. In a second set of assays, chloroform eluates derived from DAT-negative unfractionated sickle cells were tested against dense (> 1.1 g/mL) normal RBCs, dense autologous sickle RBCs, and a commercial RBC panel with known antigen configurations using the IAT. The sickle cell eluates yielded weak agglutinations of dense autologous RBCs and dense normal RBCs using the IAT. Thirty-five percent to 40% of the eluates assayed showed reactivity with the entire panel of reagent RBCs The log fluorescence intensity is reported for sickle erythrocyte fractions labeled with biotin-conjugated antihuman IgA and PE (see Materials and Methods). The data units are the same as described in Table 1 for n = 6 HbS specimens. consistent with previous reports by Petz et al.' Because only weak reactions were obtained in the IAT using dense autologous RBCs, the reactivity of the sickle cell eluates was further assessed by flow cytometry. Dense sickle RBCs pretreated at 56°C to elute most of the Ig bound in vivo were equilibrated with autologous sickle RBC eluates and then incubated with the polyspecific antisera used for the IAT described above. The RBCs were labeled with PE-conjugated antirabbit IgG and then assayed by flow cytometry. These assays showed that dense sickle RBCs treated with autologous RBC eluate bind more polyspecific antisera than control RBCs as indicated by both (1) the consistent increases in mean fluorescence intensity for all specimens studied, and (2) the increase in the subpopulation of brightly fluorescent RBCs observed for three of four HbS specimens. These results indicate that the Ig eluted from sickle RBCs will bind to autologous dense RBC subpopulations. Control assays also showed that dense sickle RBCs pretreated at 56°C did not exhibit nonspecific protein binding and that 56°C-treated low-density normal RBCs did not bind autologous RBC eluates. Although final conclusions require additional studies, the results from this series of sensitive fluorescence assays suggest that autoantibody activity','' is present in sickle RBC eluates.
Serum levels of IgA, IgG, and IgM for the specimens used in this investigation were also analyzed by radial immunodiffusion (data not shown) and found to contain Ig concentrations consistent with previous report^.'^ Complement C3 fragment binding to sickle erythrocytes. Because both erythrocyte-bound IgM and IgG have the capacity to fix complement, we next examined the possibility that complement C3 fragments may be deposited on sickle erythrocytes in vivo. Antihuman C3 binding to highdensity sickle cell subpopulations was increased over that binding to low-density paired samples, as indicated by the rightward shift in fluorescence profiles (Fig 2) . and the increased median fluorescence intensities listed in Table 3 . Increased C3 binding was apparent for dense sickle RBCs labeled with antihuman C3 before or after mild fixation with glutaraldehyde. C3 binding to high-density sickle cells was increased by 41% f 5% (mean f range) over normal RBCs (Table 3) .
Analogous to the results obtained for IgM or IgA binding (Tables 1 and 21 , a subpopulation of brightly fluorescent erythrocytes stained with antihuman C3 was present in each sickle cell fraction (Table 3 ). This population was consistently greater in high-density sickle RBC fractions as compared with the low-density paired samples ( Table 3 ). The fluorescence profiles comparing anti-human complement C3 binding by high-and low-density sickle cell fractions (Fig 2) were prepared using aliquots of the same HbS specimen illustrated in Fig 1. Although the fractionated anticomplement serum used in the study does not qualitatively distinguish between bound C3 fragments, these results (Table  3 ; Figs 1 and 2 ) do show that complement C3 fragment binding can be detected for the same high-density sickle cell fractions that exhibited both increased IgM and IgA binding in vivo (Tables 1 and 2 
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For personal use only. The log fluorescence intensity in arbitrary units is reported for densityseparated sickle RBCs sequentially labeled with goat antihuman C3, biotin-conjugated antigoat IgG, and PE as described in (see Materials and Methods). The data are reported as described in Table 1 for n = 6 HbS specimens.
Two-color flow cytometric analysis of high-density sickle erythrocytes.
Because the immunofluorescence assays using single PE labeling showed that high-density sickle erythrocytes bind more IgM, IgA, and C3 fragments than lowdensity paired samples or normal erythrocytes (Figs 1 and 2 ; Tables 1, 2 , and 3), we subsequently performed two-color flow cytometric analyses of high-density sickle RBCs to determine the frequency of cells within this population that binds IgA in combination with IgM or C3 fragments. Figure  3 shows FACS-generated contour plots for a representative specimen. Analysis of these data show that the dense sickle erythrocyte subpopulation contains a subset of RBCs (5.1 %, corrected for background fluorescence) that binds both IgA and IgM (Fig 3D) and a 41.5% RBC subset that binds both IgA and C3 fragments (Fig 3F) . Contour plots gated on the same coordinates for the singly labeled controls show that 28.4% (Fig 3C) of the dense sickle cells were labeled with antihuman IgM, 98.1% ofthese cells were stained by antihuman C3 (Fig 3E) , and 76% of these RBCs stained with FITC-antihuman IgA-F(ab'), (Fig 3B) . These analyses show that although most of the dense sickle cells bind IgA and C3 in vivo, at least 23.3% of the cells binding IgM were devoid of IgA. These results also indicate that this subset of dense sickle erythocytes (-23.3%) binds C3 in combination with IgM.
Nonspecific binding of serum proteins to high-density sickle erythrocytes. Because several studies have suggested that high-density sickle cells exhibit changes in the membrane surface that increase the adhesivity of sickle RBCS,~' it is possible that this adhesivity or relative "stickiness" could be reflected by an increased tendency to bind serum proteins, including Igs. We therefore measured the relative binding in vivo of irrelevant serum proteins, including serum albumin, and plasminogen, by high-density sickle cells as compared with normal erythrocytes. The ratio of mean fluorescence intensities for normakhigh-density sickle RBCs labeled with antihuman serum albumin or antihuman plasminogen and PE were 1.04 rt 0.06 and 1.10 & 0.08 (mean k SD; n = 4 different HbS specimens), respectively. These results show that normal RBCs bind slightly larger quantities of serum albumin, or plasminogen in vivo than high-density sickle erythrocytes. Whereas in contrast, the results reported in Tables 1,2 , and 3 show that high-density sickle RBCs bind significantly larger quantities of IgM, IgA, and complement C3 in vivo as compared with normal erythrocytes.
DISCUSSION
This study was performed to determine whether autologous IgA, IgM, or complement bound in vivo could be detected on sickle erythrocytes. This possibility was explored because previous studies have shown that sickle erythrocytes will bind autologous IgG in vivo''8; because opsonization of dense sickle RBCs was suggested by the finding that sickle RBCs can be phagocytized by macrophages in vitro2; and because'' serum from patients with sickle cell anemia contained increased quantities of IgG and IgA and variably increased levels of IgM. The present study shows that IgA, IgM, and complement C3 fragments bound in vivo can be detected on sickle erythrocytes by flow cytometry. The relative levels of IgM, IgA, and C3 fragments were increased on sickle erythrocytes that sediment at high specific density after gradient centrifugation as compared with normal (HbA) erythrocytes (Tables 1,2 , and 3) or low-density sickle cell fractions (Figs 1 and 2 ) consistent with previous studies on IgG b i n d i~~g .~-~ Our study shows that high-density sickle RBCs do not bind larger quantities of irrelevant serum proteins in vivo than normal RBCs (including serum albumin or plasminogen); therefore a significant proportion of the cell-bound Igs detected (Tables 1 and 2 ; Figs 1, 2, and 3) could have some relative selectivity for dense sickle erythrocytes. Our observations that suggest that autoantibody activity eluted from sickle RBCs will preferentially bind to dense sickle RBCs also support these conclusions.
The presence of three major Ig classes (ie, IgA, IgM, and IgG) bound to dense sickle erythrocytes is analogous to previous observations for senescent normal erythro~ytes.'~*'~ High-density normal RBCs that represented 2% to 5% ofthe total RBCs bound more IgG, Igh4, and IgA in vivo than low-density normal RBCS.",'~ However, the present study shows that significantly larger numbers of sickle erythrocytes are sensitized by these Igs because high-density sickle RBCs represent 22% to 38% of the total RBC population. These findings suggest that membrane features associated with RBC aging in and relected by Ig-binding are exaggerated in dense sickle cells. However, a number of marked changes in morphology and membrane surface characteristics develop on dense sickle cells in vivo" that unlike normal RBCs are directly related to the presence of HbS. It is possible that membrane surface changes on dense sickle cells3,'-' may result in the development of both specific and nonspecific binding sites recognized by autologous Igs. Our observation that high-density sickle RBCs do not bind more irrelevant serum protein than normal RBCs suggests that a significant fraction of the Ig binding determined for high-density sickle RBCs2-' (Tables 1 and 2 Table 2 ) could indicate cytophilic characteristics for a major proportion of the serum IgA that are not apparent in clinically normal individuals (ie, patients who have not experienced the history of infections peculiar to sickle cell anemia). However, some specificity is suggested by our observations that the IgA bound to dense sickle cell fractions ( Table 2 ) is increased over lowdensity paired samples despite the relatively high plasma IgA concentrations. Serum IgM levels in patients with sickle cell disease were not consistently increased over normal control^'^^^^; therefore, the increased IgM binding to highdensity sickle erythrocytes ( sickle erythrocytes was also studied by two-color flow cytometric analyses. These studies show that heterogeneous RBC subsets are present within the dense sickle erythrocyte fraction (Fig 3) . Most of the high-density sickle RBCs bind both IgA and complement C3 fragments; however, small subsets could be detected that bind IgA in combination with IgM and C3 fragments. A small but significant RBC subset devoid of IgA yet binding IgM and complement C3 was also detected by two-color analyses. These findings indicate that along with the increased IgG binding determined previo u~l y ,~ dense sickle cell fractions exhibit heterogeneity based on the binding of combinations of IgM or IgA with complement. These observations represent the first demonstration that high-density sickle cells exhibit heterogeneity based on Ig binding in vivo and indicate that dense sickle cells exhibit a greater heterogeneity than has been previously r e p~r t e d .~' ,~~,~~
The presence of heterogeneous RBC subsets in dense sickle cell fractions (Fig 3) Figs 1 and 3) and the dense sickle cell-bound IgG determined previ~usly,~-~ although the IgM may recognize the Ii epitopes present on sickle cells.25 Studies underway in our laboratory will further delineate the differences between high-density sickle RBC subsets.
The apparent parallel between the Ig-binding pattern (Tables l and 2) and the binding of antihuman complement C3 to dense sickle RBCs (Table 3 ; Figs 2 and 3) suggests that the cell-bound Igs could influence the deposition of complement on sickle erythrocytes in vivo. It is possible that both the cell-bound IgM (Table 1; Fig 1) and the IgG detected previously"' could mediate complement binding to sickle RBCs, because it has been established that both antigenbound IgM and IgG fix complement. However, the studies by Lutz et a126327 have suggested that anti-band 3 IgG-mediated deposition of complement on the surface of oxidanttreated or senescent normal RBCs results from the activation of the alternative complement pathway. Although the functional interaction of human IgA with complement appears controversial:' some evidence has been reported that suggests IgA could activate the alternative complement pathway.29 Our current finding that IgA binding to dense sickle RBCs is increased (Table 2 ; Fig 1) suggests that complement deposition on dense sickle cells could be produced by similar mechanisms mediated by IgA and/or IgG.2-5 Although elucidation of the complement-binding mechanism is beyond the scope of the current study, our report provides evidence that complement C3 fragments in combination with IgM are selectively bound to a subset of high-density sickle erythrocytes, which suggests that a subset of dense sickle RBCs may be opsonized in vivo by the classical mechanism.
Previous studies show that the number of IgG molecules binding to sickle cells is variable among patient specimens and often below the threshold required to promote phagocytosis by macrophage^'.^',^^; therefore, our findings that multiple Igs as well as complement bind to dense sickle cells in vivo suggest that this RBC subpopulation could be subject to complement-enhanced phagocytosis in vivo. Moreover, these observations could explain the previous studies on tissue taken at autopsy3' that showed that sickle cells were present in the Kupffer cells of the liver of functionally asplenic patients with sickle cell anemia. Our observations that complement binds to sickle cells in vivo are also consistent with the recent suggestion3' that sickle RBCs could be more sensitive to complement-mediated hemolysis because ofthe loss of inhibitor proteins through membrane vesiculation.
In summary, our study shows that dense sickle cell subpopulations bind more IgA, IgM, and complement C3 in vivo than low-density paired samples or normal erythrocytes and exhibit a greater heterogeneity than previously r e p~r t e d ,~'~~~,~~ which is based on autologous Ig binding in vivo. Our analyses demonstrate that high-density sickle cell fractions contain at least two heterogeneous Ig-binding RBC subsets that bind either IgA and IgM in combination with C3; or IgM and C3. These findings further support the hypothesis that sickle erythrocytes, at least discrete dense sickle RBC subsets, may be removed from the circulation by p h a g o~y t o s i s , '~'~~~~~~ because erythrocyte phagocytosis by macrophages is enhancedZ6s2' by the presence of both Ig and complement.
